Abstract: Anatomical analysis of the red-purple fruit of the Epiphyllum hybrid with red flowers in the course of its development was performed. Main attention was directed towards the special origin of the fruit pulp tissues by fusion of differentiated ovule funiculi cells. This interesting phenomenon in combination with accumulation of mucilage with a high water binding capacity in fruit pulp may prevent the premature dehydratation of fruits and prolong their exploitability. Thorough pigment analysis in the peel and fruit juice from Epiphyllum fruits and Epiphyllum flowers is reported for the first time. While the total betalain content of fruit was comparable with that of some Opuntia and Hylocereus clones, pigment pattern of Epiphyllum flowers may aid in differentiation of hybrids similar to previous reports on Opuntia and Hylocereus fruits. Overall, the results appear to be promising to extend investigations on Epiphyllum both from a botanical view but also with respect to their bioactive substances.
Introduction
At present, fruits of a comparatively small number of Cactaceae are used for nutritional, therapeutical or cosmetic purposes or even as a source of natural food colours . Scientific interest was mainly focussed on fruits from Opuntia sp., Hylocereus sp. and quite sporadically on Myrtillocactus sp., Cereus peruvianus and Selenicereus megalanthus (Dag & Mizrahi 2005; Hernández-López et al. 2008; Ninio et al. 2003; . However, investigations on some genera within the Cactaceae may be interesting not only because of valuable dietary ingredients such as amino acids, readily absorbable carbohydrates, minerals, vitamins, pigments and fibres but also from an ecological point of view connected with their adaptability to the expected global changes of temperature, CO 2 and humidity (Mosshammer et al. 2006; .
Epiphyllum plants commonly known today are actually hybrids of epiphytic cacti species native to Mexico and the jungles of Central and South America. In Central Europe they are cultivated as ornamental plants with various flower shapes and colors (Süpplie 2005 (Süpplie /2006 , but the possibility to use their fruits has not been considered yet. Therefore the present study was performed as a first approach to obtain a more thorough understanding on Epiphyllum hybrids. The focus was given on selected phytochemical parameters as well as on morphological chracteristics during fruit development of a selected Epiphyllum hybrid with red flowers and red-purple fruits.
Material and methods

Plant material
Epiphyllum plants were cultivated in greenhouse conditions by imitation of natural photoperiods and temperature profiles, rising from December to February at 6 to 8
• C, and from March to November at 10 to 30
Two Epiphyllum hybrid clones with visually very similar red flowers (Fig. 1a ) indicated in our observations as EE and EK were used in the present study. The flowers for pigment analyses (n = 5) were removed on the beginning of May 2005, while the fruits (n = 5, Fig. 1b) were harvested at the end of October 2005.
Red flower petals of both hybrids EE and EK are visually similar in pigmentation, shape and number (30-40) per flower. They are evidently different in the colour of the stamens with pollen grains being yellowish-white for EE, and rose-violet for EK, respectively. Plants are allogamic. Development of fruits begins after reciprocal pollination of flower from EE and EK. Purple-red fruits with deeply purple-colored pulp and black seeds (Fig. 1b, left) developed after hand pollination of EE flowers (as mother plant) with pollen of EK flowers. In reverse pollination, the fruits on EK plants are green outside and white inside (Fig. 1b,  right) . Pigmentation of fruits is evidently dependent on the mother plant. The pollination was made by means of a little fine brush. Fruits of EE have a plum like shape, their 822 O. Erdelská & F. Stintzing   Fig. 1 . a -flower of the clone EE at anthesis; b -mature fruits of the EE × EK ( left) and EK × EE (right); c -ovule with the long funiculus (arrow) in the carpellar cavity, bar = 500 µm; d -beginning of funiculi fusion (arrows), mucilage cavities in the outer pericarp (left), bar = 1000 µm; e -fusion of funiculi (arrows), bar = 1000 µm; f -joining line of two funiculi (arrow) before cuticuli resorption, bar = 100 µm.
length ranging from 19-46 mm and their weight from 2.5 to 20 g. Weight and size is correlated with the number of seeds from 40 in the smallest to 450 in the biggest fruits. Fruit development lasts from May to October. Fruits do not drop spontaneously but remain sitting on the stem several months. Moreover, the remainder of dessicated flower perianth stays sitting on the apical part of fruit.
Morphological analysis during fruit development
The structure of developing fruit tissues was analysed during the course of the fruit development (n = 3), in two weeks intervals using samples fixed with FAA (70% ethanol, 40% formaldehyde, 99% acetic acid, 18:1:1, v/v/v), processed by the paraffine technique, sectioned and stained by PAS (Periodic Acid -Schiff) staining reaction. Morphology was studied using an Olympus BX 51 microscope (Erdelská & Ovečka 2004) .
Samples of fruits for cryo-electron scanning microscopy were placed on stubs and frozen immediately by plunging into liquid nitrogen. Frozen samples were transferred under vacuum into the cryo-preparation chamber, where the plant material was freeze-fractioned, etched, sputter-coated and transferred immediately to the FESEM (Field Emission Scanning Electron Microscopy) stage (JEOL JSM7401F). Samples were monitored at the accelerating voltage of 2.0 kV.
Pigment analyses in flowers and fruits
Prior to analyses, flowers were powdered with liquid nitrogen. Two separate extracts of 500 mg flowers in 75 mL extraction solvent (60/40 methanol/water, v/v) were prepared. After 15 min of extraction under continuous stirring, the colored extract was separated from the flower material by passing through a paper filter (Schleicher-Schuell, Dassel, Germany). The resulting filtrate was gently evaporated to dryness in vacuum at room temperature and redissolved in a definite volume of purified water. While the fruit peel was weighed as a nitrogen powder, redissolved in purified water and analysed as described for the flowers, the fruit pulp was manually squeezed and passed through a 0.45 µm membrane filter. Betacyanins and betaxanthin quantification as well as colour analyses were performed in duplicate using a spectrophotometric method published previously (Esquivel et al. 2007b ). In addition, individual pigments were identified according to specific mass spectrometric, UV-Vis and retention time characteristics reported elsewhere (Felker et al. 2008) .
Further chemical quality parameters
Glucose and fructose as well as ascorbic, citric and malic acid were assessed spectrophotometrically in the squeezed filtered juice based on higly specific enzymatic reactions using commercially available kits (r-biopharm, Darmstadt, Germany). Proline was determined as previously reported using a spectrophotometric assay (Esquivel et al. 2007a) .
Results
Morphological trait analysis
The Epiphyllum fruit predominantly develops from the pericarpelar zone of the flower tube inside of which the carpel (ovary) with ovules is found. The tissues of the flower tube in the pericarpellar zone are composed of inner and outer layers as inner and outer pericarp. The outer layers are transformed into the fruit peel after fertilization (Buxbaum 1980) . The ovules inside the carpel are hemianatropous, bitegmic and crassinucellate. They have long, sometimes branched funiculi (Fig. 1c) . Vascular bundles of funiculi are directly connected to small inner vascular bundles of the parenchymatic tissue of the inner pericarp. Starch accumulation is evident in the prefertilization developmental phase in all tissues of the flower tube including ovules and funiculi. The presence of mucilage in typical cavities is prominent in the outer pericarp (Fig. 1d) .
Fruit development after fertilization may be divided into two phases. The first one lasts from May to August and the second one from September to the end of October. In the first one the development of seeds and pulp predominates by division and growth of cells. In the second one the ripening of the fruit is completed. For the latter phase the accumulation of pigments and mucilage in the pulp is characteristic together with progressive degeneration of outer pericarp (Fig. 2c, d ) to form the fruit peel.
The main developmental process of the first phase, i.e. seed development (Fig. 2a) , is accompanied by fruit pulp formation, which is very specific for the Cactaceae family. The pulp is formed predominantly from the funiculi of ovules. During seed development the differentiated cells of funiculi do not degenerate, as is common for other angiosperms, but rather divide and grow as branches in the area of the ovary. The fertilization takes place at the beginning of May. About 14-21 days later funiculi tissue division and fusion (Figs 1d, e) starts and proceeds over several weeks till the end of June.
On the beginning of fusion cuticuli on the surface of fusing funicular tissues contact and merge (Fig. 1f) . The second step is resorption of cuticuli, followed by continuous growth and division of fused cell groups giving shape to the compact flesh tissue (Fig. 2b) connected also with growing cell layers of the inner pericarp. At the end of pulp development, only some short parts of vascular bundles from the original funiculi remain preserved. The places of the first tissue contact are no more observable (Figs 2e, f) . At the beginning of July, two months after fertilization, the fruit pulp tissue with regularly arranged developing seeds fills the majority of the fruit body, the latter being covered by the peel. The growth of the fruits continues till August, when the second developmental phase characterised by accumulation of red-purple pigments and mucilage in the cells of fruit pulp strengthens. The mucilage cavities are placed also round the maturing seeds (Fig. 2e) . While the seeds are mature at the end of August, the fruit ripening is only finished in October. In October, the lysigenic process occurs in the cell layer of the peel (Figs 2c, d ). After that, tissue decomposition connected with softening and partial wrinkling of the whole fruit proceeds very slowly and fruits stay fresh all winter long.
Sugar and acid analyses
Sugar and acid analyses were performed in duplicate (± SD). Glucose and fructose levels in the purple fruit (EE clone) were found to be 27.26 ± 0.16 and 28.75 ± 0.11 g/L, respectively. Ascorbic acid was 47.0 ± 1.03 mg/L, citric acid 1.21 ± 0.01 g/L and malic acid 1.26 ± 0.01 g/L. While the contents of glucose and fructose are at the lower scale of values reported for other Cactaceae fruits, the total acid contents fall in the range of 
Pigment and colour analyses
Flower petals. Betalain profile analyses in flower petals enabled more precise characterisation of EE and EK clones (Table 1 ). In petals from EE, the total betacyanin and betaxanthin content was 3,551 and 4,317 mg/kg dried material, respectively. In EK hybrid petals the betacyanins and betaxanthins amounted to 3,231 and 4,543 mg/kg dried material. These data show that EK hybrids exhibits a slight tendency towards of a higher proportion of yellow background colour compared to EE petals. This was also reflected in the colour values, where the EK dis- 
played a value of 40
• equivalent to an orange-red hue.
Fruit peel and fruit pulp did not show color differences, but were both purplish-blue as shown by a hue angle of about 340
• . Inspection of the quantitative pigment data revealed that the flowers show higher total betalain levels and contain both red and yellow pigments. In contrast, only traces of yellow pigments were present in EE fruits. While the quantitative difference between fruits and petals may partly be explained by the fact that dried instead of fresh petals were analysed, the qualitative findings remain unchanged.
Closer analyses of the pigment profile by HPLC-DAD-MS/MS analyses support the spectrophotometric findings (Fig. 3, Table 2 ): A remarkable number of yellow-orange pigments was detected in the petals, while the fruit material was dominated by redviolet pigments. Vulgaxanthin I, indicaxanthin, gababetaxanthin, leucine-bx, isoleucine-bx and phenylalanine-bx have earlier been reported to be present in cactus fruits Kugler et al. 2007; . While the remaining betaxanthins have yet not been detected in cactus species, they are known from other betalainic plants . The betacyanin compounds found have also earlier been reported for other cactus species (Esquivel et al. 2007b; Kobayashi et al. 2000; Wybraniec & Mizrahi 2002) , except the unknown neobetanin-derivative (compound IX) which however could not be more closely assigned.
Discussion
Information about morphology and embryology of Cactaceae are summarized in several basic studies (Batygina 1994; Boke 1980; Buxbaum 1980; Johri et al. 1992; Naumova 1983) , which cover only partially flowers and fruits of Epiphyllum. The fusion of funiculi in the process of pulp formation is the fascinating and exceptional phenomenon from the cytological and also physiological point of view. Funiculi represent differentiated organs with specialized role in ovules and young seeds nourishing. Vascular bundles in the inner part of funiculi are encircled by two layers of basic tissues with the epidermis on the surface. Two to three weeks after fertilization the funiculi begin to lose their regular morphological identity, divide and grow into the free space of the ovary. On the lines of contact with the similar tissue of another funiculus the fusion of tissues begins. The cuticuli of two epidermal tissues are resorbed and the compact tissue originates, in which still some cell divisions may proceed. From the physiological point of view, this phenomenon may represent adaptation of Cactaceae to development of dense pulp encircling seeds and preventing premature dehydratation. It facilitates also the long period of the contact of fruit with the stem and the possibility to practical exploitation of fruits during several months. The cryoprotective character of the mucilage enables also the long-time preservation of fruits with seeds at low temperature conditions. Fruits from tropical and subtropical regions such as cactus fruits are usually characterised by a high sugar-acid ratio and considerable mucilage contents. The present investigation revealed a sugar-acid ratio of about 28 : 1 which is between reported values for Hylocereus costaricensis and H. undatus. The glucose : fructose ratio of one is an indication of high invertase activity (Esquivel et al. 2007a) , the sum of both amounting to values typical for H. costaricensis . In contrast with fruits from other edible cactus species, neither citric acid as in Selenicereus or Opuntia nor malic acid as in Hylocereus sp. is dominating in Epiphyllum, the biochemical background not yet being understood. The amino acid proline is also typical for tropical and subtropical fruits and may serve as osmolyte helping the plant tissue to survive periods of exogenous stress such as extreme drought conditions (Bohnert & Jensen 1996; Szabados & Savouré 2010) . As the fruits analysed in the present work were not exposed to the conditions prevailing in their natural habitat, no general interpretation of the values similar to those previously reported for Hylocereus clones (Esquivel et al. 2007a ) can be made.
Except one previous report on the betalain pattern of Epiphyllum, when betanin, isobetanin, phyllocactin and isophyllocactin were found in fruits from E. strictum (Strack et al. 1981) , Epiphyllum pigment composition in petals and fruits have earlier not been reported. Both red-violet betacyanins and yellow-orange betaxanthins were found to be present. Phyllocactin is typical for the Cactaceae, especially floral pigmentation (Kobayashi et al. 2000; Strack et al. 1981; Strack et al. 2003) . Phyllocactin and its demalonylated derivative betanin were also predominant in fruits as is also common for berries from Hylocereus sp. (Esquivel et al. 2007b ). Interestingly, vulgaxanthin I was the leading compound on a quantitative basis which is rather unusual for members of the Cactaceae for which otherwise indicaxanthin is the main yellow pigment (Kugler et al. 2007 ). For ease of comparison with previously published data on betalain contents in cactus, results are expressed as indicaxanthin equivalents though (Table 1) . Data show that there is no correlation between the pigment pattern of petals and fruits of the same plant (Table 2 ). Since the number of known and registered Epiphyllum hybrids with variable flower pigmentation is very high (Süpplie 2005 (Süpplie /2006 , it may be difficult to distinguish Epiphyllum hybrids with similar red flowers. Therefore, thorough pigment analysis may present a useful tool to obtain reliable data for differentiation.
It is worth mentioning that selected chemical quality parameters of the fruit as well as thorough pigment analysis in the peel and fruit juice from Epiphyllum fruits and Epiphyllum flowers is reported for the first time. The total betalain content of fruit was comparable with that of some Opuntia and Hylocereus clones (Felker et al. 2008; Esquivel et al. 2007b; Wybraniec & Mizrahi 2002) . The specific pigment pattern of Epiphyllum may aid in differentiation of hybrids similar to previous studies on Opuntia (Felker et al. 2008; and Hylocereus fruits (Esquivel et al. 2007b ), but also in the clear differentiation of Epiphyllum preparations to those derived from other cactus fruits.
There is a general lack of information about the potential of Epiphyllum sp. to be exploited for food, medicinal and cosmetic purposes. Only recently, Pereira et al. (2008) reported on the chemical composition of Epiphyllum phyllanthus (L.) Haw. var. hookeri (Link and Otto) Kimn. phyllocladia as potential source of food supplements. Moreover, a positive effect of Epiphyllum oxypetalum extract on human epidermal cells have also been reported by a Japanese pharmaceutical laboratory (Suzaki 2005) . However, systematic studies on phytochemical, technological, let alone pharmacological aspects are still missing. Therefore, continuing studies on Epiphyllum an easily available and promising plant material also in home conditions of Central Europe should be encouraged to evaluate its future market potential.
